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Chick collapsin-1/human semaphorin III/mouse semaphorin D is believed to guide the extension of specific axons by a
repellent mechanism. Here we examine its role in the guidance of axons of the ganglion of Remak (Remak) in the developing
chick intestine. Early in embryogenesis Remak axons extend parallel to, but do not enter, the intestine when collapsin-1 is
expressed in the adjacent rectal wall. Remak axons later penetrate the peripheral portions of the rectal wall when collapsin-1
expression retreats from the outer muscle layer to the more internal submucosal and mucosal layers of the rectum.
Extension of Remak neurites is repelled in vitro by rectum explants and also by 293T cells expressing collapsin-1. The rectal
hemorepellent activity is blocked by anti-collapsin-1 antibodies. Our results suggest that collapsin-1 may help prevent
emak axons from projecting into the intestinal wall at early developmental times and later restricts Remak axon
rajectories to the outer part of the intestinal muscle layer. © 1999 Academic Press
Key Words: collapsin-1; semaphorin-III; semaphorin-D; enteric nervous system development; axon guidance; Remakganglion; chick.
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The enteric nervous system (ENS) is the largest and most
complicated subdivision of the peripheral nervous system
(Furness and Costa, 1987; Gershon et al., 1994). It contains
more neurons than the spinal cord, and unlike other areas of
the peripheral nervous system, it is capable of functioning
without central innervation (Gershon et al., 1994). ENS
neurons are phenotypically highly diverse, exhibiting a
broad range of morphologies, electrophysiological proper-
ties, and neurotransmitters (Furness and Costa, 1987; Ger-
shon et al., 1994).
ENS neurons are distributed along the entire length of the
gastrointestinal tract in two ganglionated plexuses, the
myenteric (Auerbach’s) and the submucosal (Meissner’s)
plexuses (Nilsson, 1983; Furness and Costa, 1987; Gershon
et al., 1994). Avians have an additional third ganglionated
structure, the ganglionated nerve of Remak (referred to
throughout this paper as the Remak), which runs parallel to
the intestine within the mesentery and the mesorectum
1 To whom correspondence should be addressed at present ad-
dress: Department of Biological Structure, Box #357420, Universitywof Washington, Seattle, WA 98195. Fax: 206-543-1524. E-mail:
iain@u.washington.edu.
42rom the duodeno–jejunal junction to the cloaca (Teillet,
978). Remak neurons are extrinsic to the gut and strictly
peaking are not part of the ENS. However, in this study we
ave considered the Remak as an additional ganglionated
omponent of the avian ENS because of its clear anatomical
elationship to the rest of the avian ENS.
A number of studies have shown that the neural crest
ives rise to the progenitor cells of the ENS. Lipophilic dye
racing (Serbedzika et al., 1991), retroviral lineage tracing
Pomeranz et al., 1991), and chick-quail chimeric studies
Le Douarin and Teillet, 1973, 1974; Burns and Le Douarin,
998) have clearly established that vagal and lumbosacral
eural crest are the sources of ENS progenitors in the
ntestine from the stomach to the rectum. These studies
ave also shown that the Remak is derived from lumbosa-
ral neural crest. Other studies have identified several
actors that are essential for the commitment of neural
rest cells to the ENS lineage and to subtypes of ENS cells
reviewed in Gershon, 1997). While these studies have
ocused on the origin and environmental influences that
overn cell fate within the ENS progenitors, few studies
ave examined axogenesis within the ENS or investigated
hat factors determine the pattern of axon projections
ithin the developing intestine.
Chick collapsin-1/mouse semaphorin-D is a member of
0012-1606/99 $30.00
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44 Shepherd and Raperthe semaphorin gene family that in vertebrates contains at
least 15 different members (Kolodkin et al., 1993; Luo et al.,
995; Pu¨schel et al., 1995). Collapsin-1 is a secreted glyco-
rotein that has a signal peptide at the amino terminus
ollowed by the semaphorin family domain, a single Ig-like
omain, and a highly basic carboxy tail (Luo et al., 1993).
ollapsin-1 has been shown to be a repellent axon guidance
ue involved in patterning sensory projections in the pe-
ipheral nervous system (Behar et al., 1996; Taniguchi et al.,
997) and possibly in the central nervous system (Messer-
mith et al., 1995; Pu¨schel et al., 1996; Shepherd et al.,
997). In addition, knockout studies in mice have suggested
hat collapsin-1 might play a role in heart development and
one morphogenesis, though precisely how it functions in
hese processes remains unclear (Behar et al., 1996).
europilin-1 was identified recently as a necessary compo-
ent of the collapsin-1 receptor (He and Tessier-Lavigne,
997; Kolodkin et al., 1997; Kitsukawa et al., 1997).
We have examined whether collapsin-1 may help deter-
ine the pattern of Remak axon growth in the developing
hick intestine. In this paper, we show that collapsin-1
RNA is expressed in regions of the developing chick
ectum in which Remak axons fail to extend and also show
hat Remak axons are repelled by collapsin-1 in vitro.
ectal explants are found to secrete a chemorepellent for
emak axons and collapsin-1-transfected cells have a simi-
ar chemorepellent activity. Finally we demonstrate that a
olyclonal antibody raised against collapsin-1 blocks the in
itro rectal chemorepellent activity. Together these results
uggest that collapsin-1 plays a role in guiding the Remak
xon projections in the developing chick intestine.
MATERIALS AND METHODS
Whole-mount DiI labeling of the Remak. The distal segment
of the embryonic chick intestine from the cecal region to the cloaca
was dissected from E6 and E8 chick embryos and fixed by immer-
sion for 24–72 h in 4% paraformaldehyde in PBS at 4°C. Small
crystals of the lipophilic dye DiI (Molecular Probes) were placed
into the Remak of the fixed intestines and incubated at 36°C in 2%
paraformaldehyde in PBS for 7–10 days. After photographing, the
whole-mount intestine preparations were embedded in 4% agarose
and sectioned (100-mm sections) using an Oxford vibrotome.
FIG. 1. Projection pattern of the Remak ganglion in E6 and E8 c
reparations of E6 (A) and E8 (D) chick rectum that have had DiI pl
he DiI-labeled whole-mount preparations (B, C, E, F). Fluorescenc
ross sections. The position of the DiI crystal (*) and the outline
ntestine is to the left in A and D. The outlines of the rectum, Re
ayers of the rectum (dotted white lines) are indicated in B and E. T
re indicated in C and F. The mucosal (M), submucosal (SM), and
FIG. 2. Chemorepulsion of Remak neurites by rectum explants in
explants (A, B, C), E8 Remak explants (D, E), and an E6 nasal retina expla
(B, D), or E6 dorsal cord (C). Chemorepulsion is apparent in all cocultu
Copyright © 1999 by Academic Press. All rightRNA in situ hybridization and immunocytochemistry.
Digoxigenin-labeled RNA antisense probes complimentary to the
entire coding sequence of chick collapsin-1 and neuropilin-1 were
generated using a procedure derived from that of Schaeren-Weimers
and Griffen-Moser (1993) as previously described in Luo et al.
(1995). Chick tissue was prepared and processed as described in
Shepherd et al. (1996). After developing the alkaline phosphatase
color reaction product, in situ hybridized sections were double
labeled with anti-neurofilament antibody. Sections were washed in
PBS, blocked in 10% newborn calf serum diluted in PBS, and
incubated overnight at 4°C in 1:1000 dilution of anti-
neurofilament antibody 4H6 ascities. The 4H6 antibody was a
generous gift from Dr. Willie Halfter. The following day sections
were washed and reacted for 2 h at room temperature with 1:1000
dilution of Cy3-conjugated anti-mouse IgG secondary antibody
(Jackson), washed, and coverslipped.
Alkaline phosphatase-tagged–collapsin-1 fusion protein bind-
ing to tissue sections. Recombinant alkaline phosphatase-tagged–
collapsin-1 fusion protein (AP-Coll-1) was generated as previously
described in Kobayashi et al. (1997). Fresh frozen tissue sections
from chick embryos were prepared and incubated with AP-Coll-1
according to the method previously described in Kobayashi et al.
1997) and Feiner et al. (1997).
Remak axon collapse assay and AP-Coll-1 binding. Remaks
ere dissected free from the distal bowel of E6 and E8 chick
mbryos. The Remak lies on the dorsal aspect of the intestine and
an be easily removed from the intestine and mesentery using
ungsten needles. After subdividing each Remak into small pieces
pproximately 200 mm in length, explants were placed onto
aminin-coated coverslips and cultured overnight. The laminin
oating of the coverslips and culture conditions were as described
n Fan et al. (1993) with the following modification: the base
edium was additionally supplemented with 40 ng/ml GDNF and
0 ng/ml NT-3 (Alomone labs). Chick E7 dorsal root ganglia (DRG)
xplants and chick E6 nasal retina explants were prepared and
ultured as described in Fan et al. (1993).
AP-Coll-1 binding to Remak and retina explants followed the
ethod previously described in Kobayashi et al. (1997). Ten micro-
liters of 293T cell culture supernatant containing AP-Coll-1 at a
final concentration of 600 pM was added to 0.5-ml cultures and
incubated for 1 h at 37°C. The cultures were fixed for 30 min at
room temperature using 4% paraformaldehyde, 10% sucrose in PBS
and washed several times with PBS. Endogenous alkaline phospha-
tase activity was heat inactivated by incubating the cultures
at 65°C for 2 h. Subsequently the cultures were incubated with
BCIP and NBT to develop the alkaline phosphatase color reaction
product.
The procedure for the collapse assay was the same as that
rectum as revealed by DiI labeling. Lateral view of whole-mount
in the Remak ganglionated nerve. Vibrotome-cut cross sections of
E) and white light images (C, F) of the same E6 (B, C) and E8 (E, F)
e rectum (dotted white lines) are indicated in A and D. Proximal
mesentery, lumen of the rectum, and border between the defined
rders between the defined layers of the rectum (dotted black lines)
le layers (Mus) are labeled in F. Scale bar is 100 mm.
gen/matrigel cocultures. Phase-contrast photographs of E6 Remakhick
aced
e (B,
of th
mak
he bo
musc
collant (F) after coculturing for 16 h with E6 rectum (A, E, F), E8 rectum
res except F. Scale bar is 300 mm.
s of reproduction in any form reserved.
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46 Shepherd and Raperpreviously described in Raper and Kapfhammer (1990). Cultures
were treated with 0.09–9 collapsing units (CU) of recombinant
collapsin-1 protein. A CU is defined as the amount of recombinant
collapsin-1 protein in 0.5 ml of culture medium that induces 50%
of a DRG explant’s growth cones to collapse (Luo et al., 1993).
Collagen/matrigel cocultures. Cocultures were prepared using
he method previously described in Shepherd et al. (1997) with the
ollowing modification: a collagen/matrigel-containing medium
as used instead of 1% agarose-containing medium. Briefly, small
ieces of E6 Remak, E8 Remak, or E6 retina were explanted onto
aminin-coated filming dishes (MatTek 35mm) and cultured at
7°C in 5% CO2 in our standard medium (see tissue culture above).
fter an hour the culture medium was removed and replaced with
0 ml of collagen/matrigel medium. The collagen/matrigel medium
consisted of a 2:1:7:10 ratio of 53 F12 medium (Sigma):1 M Hepes
(Gibco): 3 mg/ml collagen (Boehringer-Mannheim):Matrigel (Col-
laborative Research). This medium was further supplemented with
40 ng/ml NGF (Gibco), 40 ng/ml NT-3 (Alomone), and 40 ng/ml
FIG. 3. Comparison of collapsin-1 and neuropilin-1 mRNA expres
pattern in E6 and E8 chick rectum. The expression patterns of coll
sections of E6 (A, C) and E8 (E, G) chick rectum visualized with d
collapsin-1 hybridized sections (A, E) at E6 (B) and E8 (F) is visualiz
of E6 (D) and E8 (H) chick rectum. The Remak ganglionated nerve (R
(SM) and muscle layer (Mus) are also indicated in E. Scale bar is 3GDNF (Alomone). After this layer of medium had solidified, small
pieces of E6 gut, E8 gut, E6 dorsal cord, or small aggregates of
Copyright © 1999 by Academic Press. All rightcollapsin-1-transfected 293T cells were positioned 400–600 mm
from the center of the Remak or retinal explants. A second layer of
100 ml of collagen/matrigel medium was then overlaid. In
collapsin-1 antibody block experiments protein A-purified antibod-
ies from preimmune and immune rabbit sera were added to the
collagen/matrigel medium at a concentration of 100 mg/ml. Cul-
tures were incubated overnight at 37°C in 5% CO2 and then scored
s either displaying chemorepulsion or not according to the criteria
reviously described by Shepherd et al. (1997).
All photographs were taken using a Digital Spot camera attached
o a Zeiss Axiovert 35. The color balance, contrast, and sharpness
f images were enhanced using Phase 3 image analysis software and
gures were assembled using Phase 3 and Photoshop software.
RESULTS
Development of Remak axon projections into the rec-
patterns, neurofilament immunoreactivity, and AP-Coll-1 binding
-1 (A, E) and neuropilin-1 (C, G) mRNAs in fixed and frozen cross
genin-labeled RNA probes. The neurofilament distribution in the
ith 4H6 antibody. AP-Coll-1 binding on fresh frozen cross sections
mucosal layer (M) are indicated in A and E. The submucosal layer
.sion
apsin
igoxitum. We investigated the early pattern of axogenesis in
the chick Remak. The temporal and spatial development of
s of reproduction in any form reserved.
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47Collapsin-1 and the Chick Ganglion of Remakprojections that extend from the ganglionated nerve into
the rectum between E6 and E8 was determined by antro-
gradely labeling the Remak with DiI.
Remak axons project longitudinally along the ganglion-
ated nerve at E6 (Fig. 1A). No axons extend into the rectum
at this age (Figs. 1A and 1B). By E8, Remak axons project
longitudinally along the ganglionated nerve, and highly
fasiculated axons project from the Remak into the rectum
wall (Fig. 1D). The highly fasiculated axons are restricted to
the outer part of the rectum muscle layer in the myenetric
plexus and do not project into the submucosal or mucosal
layers (Figs. 1E and 1F).
Cocultures of rectum and Remak explants. The pattern
of Remak axon projections as revealed by the DiI study
raises the possibility that Remak axons are somehow pre-
vented from projecting into the rectum wall prior to E8. To
determine if the rectum secretes a diffusible chemorepel-
lent we cocultured E6 Remak and E6 rectal explants in a
collagen/matrigel matrix. This type of culture has previ-
ously been used to assay for chemorepellent activities
(Fitzgerald et al., 1993; Messersmith et al., 1995; Shepherd
et al., 1997). In all E6 Remak:E6 rectum cocultures (n 5 24)
the length of Remak neurites on the side closest to the
rectum explant was significantly reduced compared to the
length of the neurites on the side furthest away from the
rectum explant (Fig. 2A). This result suggests that E6
rectum secretes a chemorepellent for E6 Remak neurites.
To determine if E8 rectum secretes a chemorepellent for E8
Remak neurites we cocultured explants of these two tissues
in the collagen/matrigel matrix. Chemorepulsion was seen
in all of these cocultures (Fig. 2D) (n 5 16).
To further investigate the rectum chemorepellent activ-
ity we cocultured E6 Remak with E8 rectum and E8 Remak
with E6 rectum. Chemorepulsion was observed in all E6
Remak:E8 rectum cocultures (Fig. 2B) (n 5 16) and E8
Remak:E6 rectum cocultures (Fig. 2E) (n 5 15).
In control experiments we tested whether E6 nasal retinal
neurites were repelled by the E6 rectal explants to deter-
mine if the rectum chemorepellent repelled neurites from
other neural tissue explants. In all E6 retina:E6 rectum
cocultures (n 5 8) no chemorepulsion was observed (Fig.
2F). In a second set of control experiments we tested
whether E6 Remak neurites were repelled by E6 dorsal cord
explants. Previously it has been shown that dorsal cord
explants do not secrete a chemorepellent for dorsal root
ganglion (DRG) neurites in in vitro cocultures (Fitzgerald et
al., 1993; Messersmith et al., 1995; Shepherd et al., 1997). In
all our Remak and dorsal cord cocultures (n 5 7) we
observed a weak chemorepulsion of E6 Remak neurites (Fig.
2C). These results suggest that E6 dorsal cord explants do
secrete a chemorepellent for Remak neurites.
Collapsin-1 and neuropilin-1 mRNA distribution in the
developing chick rectum. A possible candidate for the
chemorepellent activity secreted by E6 and E8 rectum is
collapsin-1. To investigate whether collapsin-1 is expressed
in the rectum at these developmental ages we examined the
distribution of collapsin-1 mRNA in E6 and E8 chick
N
s
Copyright © 1999 by Academic Press. All rightmbryos using a digoxigenin-labeled RNA probe. We also
xamined the mRNA distribution of neuropilin-1 in the
eveloping E6 and E8 rectum and adjacent mesentery to
etermine if Remak neurons express this component of the
ollapsin-1 receptor.
At E6, collapsin-1 mRNA is distributed throughout the
ectum wall with the exception of the mucosal lining of the
ut lumen (Fig. 3A). The presumptive submucosal layer
ontains a much higher amount of collapsin-1 message than
he presumptive muscle layer as judged by the relative
ntensities of color reaction products in the layers (Fig. 3A).
FIG. 4. AP-Coll-1 labels E6 and E8 Remak axons in vitro but not
etinal axons. Explants of E6 Remak (A), E8 Remak (B), and E6 nasal
etina (C) were incubated with AP-Coll-1, fixed, and stained for
ound alkaline phosphatase activity. DIC photographs of E6 and E8
emak axons show that these explants bind AP-Coll-1 based on the
resence of alkaline phosphatase reaction product (A, B), while
etinal axons do not (C). Scale bar is 30 mm.o Coll-1 mRNA is detected in the Remak. Neurofilament
taining of the same in situ hybridized section shows no
s of reproduction in any form reserved.
FIG. 5. Chemorepulsion of Remak neurites by collapsin-1-transfected 293T cells. Aggregates of collapsin-1-transfected (A, C) or
untransfected (B, D) 293T cells were placed next to E6 Remak explants (A, B) and E8 Remak explants (C, D) and cultured for 16 h.
Chemorepulsion of Remak neurites is seen in cocultures with collapsin-1-transfected cells (A, C) but no chemorepulsion is seen in
cocultures with untransfected cells (B, D). Scale bar is 300 mm.
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49Collapsin-1 and the Chick Ganglion of Remakaxons in the rectal wall at this stage but numerous axons
within the Remak (Fig. 3B).
Collapsin-1 message is distributed in two prominent
rings of cells by E8, one in the innermost half of the
submucosal layer and the other in the innermost half of
the muscle layer. Collapsin-1 message is almost com-
pletely absent in the outermost part of the muscle layer;
however, several cells express high levels of collapsin-1
message throughout the submucosal layer (Fig. 3E). Neu-
rofilament staining of the same collapsin-1-hybridized
section shows extensive axon growth in the outermost
part of the muscle layer in the region where collapsin-1
message is almost completely absent (Fig. 3F). Compari-
son of the pattern of neurofilament immunoreactivity in
these E8 sections to the results from the DiI study
FIG. 6. The effect of collapsin-1 on E7 DRG, E6 Remak, and E8 Rem
nd E8 Remak neurites in control (A, C, E) and 1 CU collapsin-1-
ultures causes growth cone collapse. Scale bar is 30 mm.suggests that at least some of the immunopositive axons
in the muscle layer of the rectum wall are Remak axons.
E
o
Copyright © 1999 by Academic Press. All righthus, it can be concluded that Remak axons extend in
he rectal wall where collapsin-1 message is almost com-
letely absent.
Neuropilin-1 mRNA is restricted to cells in the Remak at
6 and E8 (Figs. 3C and 3G). Comparison of the pattern of
eurofilament immunoreactivity on the same sections re-
ealed that cells that express the neuropilin-1 message are
lso neurofilament immunopositive suggesting that these
ells are neurons.
The distribution of collapsin-1 receptors in E6 and E8
hick intestine and binding pattern of AP-Coll-1 on Remak
xplant cultures. AP-Coll-1 was used to reveal the distri-
ution of collapsin-1 receptors in fresh frozen sections of E6
nd E8 rectum. At E6, AP-Coll-1 labels the Remak, but no
inding is seen in the wall of the chick rectum (Fig. 3D). By
growth cones. The growth cone morphology of E7 DRG, E6 Remak,
ed (B, D, F) cultures. Addition of collapsin-1 to DRG and Remakak
treat8, AP-Coll-1 labels axons in the Remak and muscle layer
f the rectum, presumably in the myenteric plexus. Weaker
s of reproduction in any form reserved.
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50 Shepherd and Raperlabeling is also seen throughout the submucosal layer
(Fig. 3H).
To determine if AP-Coll-1 also binds Remak axons in
vitro, we cultured Remak explants overnight and then
probed them with AP-Coll-1. E6 and E8 Remak cultures
bind AP-Coll-1 based on the presence of alkaline phospha-
tase reaction product (Figs. 4A and 4B). Binding is seen on
both the collapsed growth cones and axons of Remak
explants. A similar distribution of collapsin-1 receptor has
been previously reported on the axons and growth cones of
E7 DRG explants (Kobayashi et al., 1997). The AP-Coll-1
binding to Remak culture axons and growth cones is
specific. Control cultures of E6 retina explants do not bind
AP-Coll-1 (Kobayashi et al., 1997) (Fig. 4C).
Cocultures of Remak with collapsin-1-transfected cells.
Remak explants were cocultured with collapsin-1-
transfected 293T cells to determine if collapsin-1 acts as a
chemorepellent for Remak axons. Strong chemorepulsion
was seen in all E6 (n 5 16) and E8 (n 5 14) Remak
cocultures (Figs. 5A and 5C). In control experiments un-
transfected 293T cells were cocultured with E6 or E8
Remak explants and no chemorepellent activity was ob-
served (n 5 6 for E6 Remak cocultures and n 5 8 for E8
Remak cocultures) (Figs. 5B and 5D).
Sensitivity of Remak explants to recombinant
collapsin-1. To further quantify the sensitivity of E6 and
E8 Remak explants to collapsin-1 protein we carried out a
series of growth cone collapse assays. Cultures of E6 and E8
explanted ganglia were treated with a range of concentra-
tions of recombinant collapsin-1. Remak explant growth
cones at both stages are highly sensitive to treatment with
recombinant collapsin-1 (Figs. 6D and 6F). Dose–response
curves for E6 and E8 Remak explants (generated from
results of eight or more independent experiments where at
least 200 growth cones were counted per explant) show that
they are equally sensitive to collapsin-1 treatment (Fig. 7).
The dose–response data show that Remak growth cones are
significantly more sensitive to collapsin-1 than E7 DRG
growth cones (Fig. 7).
Antibody block of E6 rectum chemorepellent activity in
vitro. To determine if the chemorepellent for Remak
axons secreted from rectum explants is collapsin-1 we
attempted to block the rectum activity with anti-
collapsin-1 antibodies. The rabbit anti-collapsin-1 antisera
we used recognize native and recombinant collapsin-1 pro-
tein on Western blots and can block collapsin-1-induced
growth cone collapse in vitro (Shepherd et al., 1997). In
control experiments that were carried out in the presence of
preimmune serum, chemorepulsion was seen in 66% of the
cocultures (n 5 15) (Fig. 8A). By contrast, chemorepulsion
was seen in only 25% of the experimental cocultures (n 5
16) (Fig. 8B). These results suggest that anti-collapsin-1
antibodies block the E6 rectum chemorepellent activity.
While the preimmune serum decreases chemorepulsion to
some extent, anti-collapsin-1 antibodies further neutralize
the rectum-derived chemorepellent. These results are con-
Copyright © 1999 by Academic Press. All rightistent with the hypothesis that Coll-1 is a rectal-derived
epellent.
DISCUSSION
Previous studies have suggested that collapsin-1 is an
inhibitory axon guidance molecule that could help deter-
mine the axonal projection patterns of olfactory neurons
(Kobayashi et al., 1997), dorsal root and cranial ganglia
sensory neurons (Messersmith et al., 1995; Pu¨schel et al.,
1996; Shepherd et al., 1997; Kobayashi et al., 1997), and
spinal cord and hindbrain motor neurons (Shepherd et al.,
1996; Varela-Echavarria et al., 1997). In this study, we
provide evidence that collapsin-1 acts as a repellent axon
guidance cue for Remak axons in the avian intestine during
embryogenesis.
In chick, collapsin-1 mRNA is initially expressed
throughout the presumptive submucosal and muscle layers
of the rectum when Remak axons are projecting only
longitudinally along the ganglionated nerve in the mesen-
tery adjacent to the rectum wall. Cessation of collapsin-1
mRNA expression in the outer part of the rectal muscle
layer coincides with entry of Remak axons into the outer
muscle layer of the rectum. Close examination of the
pattern of neurofilament staining of E8 double-labeled neu-
FIG. 7. The relative responsiveness of E6 Remak, E8 Remak, and
E7 DRG explant growth cones to collapsin-1 treatment. Dose–
response curves showing the relative responsiveness of E6 Remak
growth cones (diamonds), E8 Remak growth cones (circles), and E7
DRG growth cones (squares) to treatment with 0.09–9 CU of
collapsin-1. The percentages of collapsed growth cones are plotted
against the log of the amount of collapsin-1 added. The error bars
indicate the standard errors of the mean for each point plotted.rofilament antibody and collapsin-1 in situ sections clearly
shows that axons extend from the Remak into regions of
s of reproduction in any form reserved.
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51Collapsin-1 and the Chick Ganglion of Remakthe muscle layer where there is very little collapsin-1
mRNA.
Our demonstration that both rectal explants and
collapsin-1-expressing 293T cells repel Remak neurites in
itro provides indirect evidence that collapsin-1 could de-
ermine the in vivo pattern of Remak axon growth in the
ectum. Remak axons express collapsin-1 receptors, as
evealed by their visualization with AP-Coll-1 fusion pro-
ein both in vivo and in vitro. The binding of AP-Coll-1 by
E6 and E8 Remak explants also elicits growth cone collapse,
suggesting that the collapsin-1 receptors on the Remak
growth cones are functional.
Interestingly, E6 and E8 Remak explants are equally
sensitive to collapsin-1 in vitro. This result suggests that
the entry of Remak axons into the rectal wall is not due to
the Remak neurons becoming insensitive to collapsin-1 at
E8, but rather that changes in collapsin-1 protein distribu-
tion in the E8 rectum could allow Remak axons to project
into the intestine muscle layer. This hypothesis is consis-
tent with the change in collapsin-1 mRNA distribution that
we see in this study. However, the E8 Remak:E8 rectum
coculture results are in conflict with this interpretation of
events. One possible explanation is that collapsin-1 is able
to freely diffuse from deep rectal layers into the medium
from the cut surface of the explants. The diffusion of
collapsin-1 from the submucosal layer may be much more
limited in vivo due to the effect of the surrounding extra-
cellular matrix in the intact intestine. Another possibility
is that more collapsin-1 is secreted in vitro by the intestine
than in vivo.
FIG. 8. Anti-collapsin-1 antibodies neutralize a Remak neurite re
Remak and E6 rectum explants cocultured overnight. In the presenc
y E6 rectum explants (A). In the presence of anti-collapsin-1 antibo
(B). Scale bar is 300 mm.A critical result of this study is that antibodies raised
against recombinant collapsin-1 protein block the chemore-
c
c
Copyright © 1999 by Academic Press. All rightpellent activity of rectum explants in vitro. This finding
trongly suggests that the chemorepellent activity secreted
y rectal explants is collapsin-1. However, a major caveat to
his conclusion is that the anti-collapsin-1 antiserum also
ecognizes other semaphorin family members on Western
lots (Shepherd et al., 1997; Shepherd and Raper, unpub-
ished data). As other semaphorin family members are
xpressed in the avian intestine at the ages examined
Shepherd and Raper, unpublished data), it is possible that
he chemorepellent effect may be in part due to these other
amily members. Future studies will examine this possibil-
ty and will determine the function of these other sema-
horin family members in determining axon projection
atterns of Remak and other ENS neurons during embryo-
enesis.
The chemorepulsion of Remak axons by E6 dorsal spinal
ord explants suggests that the spinal cord secretes a
hemorepellent. We and others have previously found that
ollapsin-1-sensitive DRG axons are not repelled by dorsal
ord explants in coculture (Fitzgerald et al., 1993; Messer-
mith et al., 1995; Shepherd et al., 1997). Nevertheless, the
bility of dorsal cord explants to repel Remak axons could
e due to the secretion of a small amount of collapsin-1 by
he dorsal cord. We previously showed that some collapsin-
-expressing cells are present in E6 dorsal spinal cord
Shepherd et al., 1996, 1997). Although the amount of
ollapsin-1 secreted from dorsal cord explants is insuffi-
ient to cause the repulsion of E7 DRG neurites (Shepherd
t al., 1997), as E6 Remak neurites are more sensitive to
ollapsin-1 than E7 DRG neurites, a small amount of
nt secreted by rectum explants. Phase-contrast photographs of E6
preimmune antibodies (100 mg/ml), E6 Remak neurites are repelled
100 mg/ml), E6 Remak neurites are not repelled by rectum explantspelle
e ofollapsin-1 secreted by the dorsal cord could be sufficient to
ause the Remak neurite chemorepulsion. Alternatively,
s of reproduction in any form reserved.
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52 Shepherd and Raperthe dorsal cord Remak repellent activity that we observe
could be due to a different chemorepellent to which DRG
axons are insensitive.
Our results suggest that collapsin-1 does not have a role
in patterning vagal neural crest-derived ENS precursor
migration in the embryonic intestine. In E6 chick embryos
vagal and sacral neural crest ENS precursors have been
shown by two groups to be widely distributed throughout
the rectum wall where collapsin-1 mRNA is expressed
(Pomeranz et al., 1991; Serbedzija et al., 1991). More recent
tudies by Burns and Le Douarin (1998) indicate that only
agal neural crest cells are present in the rectal wall at
6/E7 and that these crest cells are principally restricted to
he submucosal layer. In contradiction to Pomeranz et al.
1991) and Serbedzija et al. (1991), Burns and Le Douarin
1998) suggest that sacral crest cells do not migrate into the
ntestinal wall until E8. Prior to that the sacral neural crest
ells are restricted to the ganglion of Remak. Taking all
hese previous findings into account along with the pattern
f collapsin-1 mRNA expression, we conclude that
ollapsin-1 does not repel the migration of vagal neural
rest-derived ENS precursors, but the possibility remains
hat it could repel the migration of sacral neural crest-
erived ENS precursors.
While our study has only focused on collapsin-1’s role in
etermining the axon projection pattern of Remak axons in
he rectum, it is possible that collapsin-1 may also have a
ider role in determining the axonal projection patterns of
ther ENS neurons within the developing intestine. The
ollapsin-1 mRNA expression pattern in E8 chick rectum
aises the possibility that collapsin-1 may help restrict
yenteric motor neuron axons to the muscle layers of the
ntestine. The myenteric plexus is located at the border
etween the circular and longitudinal muscle layers. Axons
f myenetric motor neurons project within the primary
yenteric plexus and the smaller secondary and tertiary
lexuses within the muscle layers of the intestine, but they
o not project into the submucosal layer. Given the promi-
ent and restricted distribution of collapsin-1 mRNA at the
order between the muscle and submucosal layers in the E8
ectum, it is possible that collapsin-1 could help restrict
yenteric motor neuron axon projections to the muscle
ayer and prevent them from projecting into the submuco-
al layer. We and others have shown that a wide variety of
otor neurons are sensitive to collapsin-1 in vitro (Shep-
erd et al., 1996; Varela-Echavarria et al., 1997). It is also
ossible that collapsin-1 may help restrict the axon projec-
ions of subsets of submucosal plexus neurons to the
ubmucosal layer given the restricted pattern of collapsin-1
RNA distribution in the E8 rectum at the outer and inner
orders of the submucosal layer. Collapsin-1 may also help
etermine the projection patterns of sympathetic and DRG
ensory axons in the embryonic intestine. Both sympa-
hetic and DRG neurites have been shown to be sensitive to
ollapsin-1 in vitro (Koppel et al., 1997); however, their
recise projection patterns have not been defined in avians.
he role of collapsin-1 in patterning myenteric, submuco-
Copyright © 1999 by Academic Press. All rightal, sympathetic, and DRG sensory axon projection patterns
n the developing avian intestine will be investigated in
uture studies.
In summary, the results presented in this paper provide
trong evidence for the hypothesis that collapsin-1 plays an
mportant role in determining the projection pattern of
anglion of Remak axons in the avian rectum. Initially,
ollapsin-1 is likely to help prevent Remak axons from
rojecting into the rectum, when it is expressed throughout
he muscle and submucosal layers, and later collapsin-1 is
ikely to restrict Remak axons to the outer part of the
ntestinal muscle layer when collapsin-1 is no longer ex-
ressed there.
ACKNOWLEDGMENTS
We thank Willi Halfter for the 4H6 anti-chick neurofilament
antibody and Raj Kapur, Steven Scherer, Klaus Kaestner, Dave
Raible, Barbara Gold, Steve Gold, and members of the Raper and
Raible labs for their advice and help during this work. This work
was supported by grants to J.A.R. from the National Institutes of
Health.
REFERENCES
Behar, O., Golden, J. A., Mashimo, H., Schoen, F. J., and Fishman,
M. C. (1996). Semaphorin III is needed for normal patterning and
growth of nerves, bones and heart. Nature 383, 525–528.
Burns, A. J., and Le Douarin, N. M. (1998). The sacral neural crest
contributes neurons and glia to the post-umbilical gut: Spatio-
temporal analysis of the development of the enteric nervous
system. Development 125, 4335–4347
Fan, J., Mansfield, S. G., Redmond, T., Gordon-Weeks, P. R., and
Raper, J. A. (1993). The organization of F-actin and microtubules
in growth cones exposed to a brain-derived collapsing factor.
J. Cell Biol. 121, 867–878.
Feiner, L., Koppel, A. M., Kobayashi, H., and Raper, J. A. (1997).
Secreted chick semaphorins bind recombinant neuropilin with
similar affinities but bind different subsets of neurons in situ.
Neuron 19, 539–545.
Fitzgerald, M., Kwiat, G. C., Middleton, J., and Pini, A. (1993).
Ventral spinal cord inhibition of neurite outgrowth from embry-
onic rat dorsal root ganglia. Development 117, 1377–1384.
Furness, J. B., and Costa, M. (1987). “The Enteric Nervous System.”
Churchill Livingstone, Glasgow.
Gershon, M. D., Kirchgessner, A. L., and Wade, P. R. (1994).
Functional anatomy of the enteric nervous system. In “Physiol-
ogy of the Gastrointestinal Tract” (L. R. Johnson, Ed.), Vol. 1.
Raven Press, New York.
Gershon, M. D. (1997). Genes and lineages in the formation of the
enteric nervous system. Curr. Opin. Neurobiol. 7, 101–109.
He, Z., and Tessier-Lavigne, M. (1997). Neuropilin is a receptor for
the axonal chemorepellent Semaphorin III. Cell 90, 739–751.
Kitsukawa, T., Shimizu, M., Sanbo, M., Hirata, T., Taniguchi, M.,
Bekku, Y., Yagi, T., and Fujisawa, H. (1997). Neuropilin–
semaphorin III/D-mediated chemorepulsive signals play a crucial
role in peripheral nerve projection in mice. Neuron 19, 995–1005.
Kobayashi, H., Koppel, A. M., Luo, Y., and Raper, J. A. (1997). A role
for collapsin-1 in olfactory and cranial sensory axon guidance.
J. Neurosci. 17, 8339–8352.
s of reproduction in any form reserved.
53Collapsin-1 and the Chick Ganglion of RemakKolodkin, A. L., Levengood, D. V., Rowe, E. G., Tai, Y. T., Giger,
R. J., and Ginty, D. D. (1997). Neuropilin is a semaphorin III
receptor. Cell 90, 753–762.
Kolodkin, A. L., Matthes, D. J., and Goodman, C. S. (1993). The
semaphorin genes encode a family of transmembrane and se-
creted growth cone guidance molecules. Cell 75, 1389–1399.
Koppel, A. M., Feiner, L., Kobayashi, H., and Raper, J. A. (1997). A
70 amino acid region within the semaphorin domain activates
specific cellular response of semaphorin family members. Neu-
ron 19, 531–537.
Le Douarin, N. M., and Teillet, M. A. (1973). The migration of
neural crest cells to the wall of the digestive tract in avian
embryo. J. Embryol. Exp. Morphol. 30, 31–48.
Le Douarin, N. M., and Teillet, M. A. (1974). Experimental analysis of
the migration and differentiation of neuroblasts of the autonomic
nervous system and of neurectodermal mesenchymal derivatives,
using a biological cell marking technique. Dev. Biol. 41, 162–184.
Luo, Y., Raible, D., and Raper, J. A. (1993). Collapsin: A protein in
brain that induces the collapse and paralysis of neuronal growth
cones. Cell 75, 217–227.
Luo, Y., Shepherd, I., Li, J., Renzi, M. J., Chang, S., and Raper, J. A.
(1995). A family of molecules related to collapsin in the embry-
onic chick nervous system. Neuron 14, 1131–1140.
Messersmith, E. K., Leonardo, E. D., Shatz, C. J., Tessier-Lavigne,
M., Goodman, C. S., and Kolodkin, A. L. (1995). Semaphorin III
can function as a selective chemorepellent to pattern sensory
projections in the spinal cord. Neuron 14, 949–959.
Nilsson, S. (1983). “Autonomic Nerve Function in the Verte-
brates.” Springer-Verlag, Berlin.
Pomeranz, H. D., Rothman, T. P., and Gershon, M. D. (1991).
Colonization of the post-umbilical bowel by cells derived from
the sacral neural crest: Direct tracing of cell migration using an
intercalating probe and a replication-deficient retrovirus. Devel-
opment 111, 647–655.
Pu¨schel, A. W., Adams, R. H., and Betz, H. (1995). Murine sema-
phorin D/collapsin is a member of a diverse gene family and
creates domains inhibitory for axonal extension. Neuron 14,
941–948.
Copyright © 1999 by Academic Press. All rightPu¨schel, A. W., Adams, R. H., and Betz, H. (1996). The sensory
innervation of the mouse spinal cord may be patterned by
differential expression of and differential responsiveness to sema-
phorins. Mol. Cell. Neurosci. 7, 419–431.
Raper, J. A., and Kapfhammer, J. P. (1990). The enrichment of a
neuronal growth cone collapsing activity from embryonic chick
brain. Neuron 4, 21–29.
Schaeren-Wiemers, N., and Gerfin-Moser, A. (1993). A single protocol
to detect transcripts of various types and expression levels in neural
tissue and cultured cells: In situ hybridization using digoxigenin-
labelled cRNA probes. Histochemistry 100, 431–440.
Serbedzija, G. N., Burgan, S., Fraser, S. E., and Bronner Fraser, M.
(1991). Vital dye labeling demonstrates a sacral neural crest
contribution to the enteric nervous system of chick and mouse
embryos. Development 111, 857–866.
Shepherd, I., Luo, Y., Raper, J. A., and Chang, S. (1996). The
distribution of collapsin-1 mRNA in the developing chick ner-
vous system. Dev. Biol. 173, 185–199.
Shepherd, I. T., Luo, Y., Lefcort, F., Reichardt, L. F., and Raper, J. A.
(1997). A sensory axon repellent secreted from ventral spinal cord
explants is neutralized by antibodies raised against collapsin-1.
Development 124, 1377–1385.
Taniguchi, M., Yuasa, S., Fujisawa, H., Naruse, I., Saga, S., Mishina,
M., and Yagi, T. (1997). Disruption of semaphorin III/D gene
causes severe abnormality in peripheral nerve projection. Neuron
19, 519–530.
Teillet, M. A. (1978). Evolution of the lumbo-sacral neural crest in
the avian embryo: Origin and differentiation of the ganglionated
nerve of Remak studied in interspecific quail-chick chimaerae.
Roux’s Arch. 184, 251–268.
Varela-Echavarria, A., Tucker, A., Puschel, A. W., and Guthrie, S.
(1997). Motor axon subpopulations respond differentially to the
chemorepellents netrin-1 and semaphorin D. Neuron 18, 193–207.
Received for publication August 17, 1998
Revised March 31, 1999
Accepted March 31, 1999
s of reproduction in any form reserved.
